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I.  INTRODUCTION 


Stick  propellant  is  finding  increasing  application  in  the  world  of 
artillery.  In  addition  to  use  in  several  European  intermediate  and  top-zone 
charges,  stick  propellant  is  currently  being  introduced  in  the  United  States 
as  a  product  improvement  to  the  top-zone  (M203)  propelling  charge  for  the 
155-mm,  M198  Towed  Howitzer.  Further,  other  intermediate  and  top-zone 

applications  are  under  consideration  for  both  current  and  future  US 
artillery  systems. 

The  selection  of  the  stick  propellant  geometry  for  these  charges  has 
been,  to  a  large  extent,  based  on  several  very  desirable  ballistic  advan¬ 
tages  associated  with  its  use.  Potentially  damaging  longitudinal  pressure 
waves  are  all  but  unseen  with  stick  charges,  a  consequence  of  the  natural 
flow  channels  provided  by  the  bundle  of  sticks. ^  In  addition,  regular 
packing  of  the  sticks  permits  higher  loading  densities  than  achievable  with 
randomly  packed  granular  propellant.  This  feature  allows  performance 
equivalent  to  that  of  existing  granular  propellant  charges  with  a  slightly 
Increased  mass  of  a  lower-energy,  lower-flame-temperature  propellant,  which, 
in  turn,  should  increase  barrel  life  and  perhaps  reduce  muzzle  flash.  We 
must  point  out,  however,  that  recent  investigation^’^  of  an  old  concern^1  has 
confirmed  that  the  same  feature  of  stick  propellant  that  reduces  pressure 
waves  also  leads  to  more  of  the  propellant  remaining  and  burning  in  the  gun 
chamber,  increasing  total  heat  input  to  the  origin  of  rifling,  and,  at  the 
very  least,  dampening  our  optimism  for  significantly  increased  tube  life 
with  stick  propellant.  Finally,  not  yet  exploited,  has  been  the  alternative 
choice  of  using  these  same  larger  charge  weights  of  the  same  or  even  higher 
energy  propellant  in  a  stick  configuration  for  increased  performance  from  an 
existing  gun. 

Unfortunately,  in  his  attempt  to  realize  these  potential  advantages  to 
the  maximum  extent  possible,  the  stick  propellant  charge  designer  has  had  to 
continually  face  one  very  frustrating  problem  largely  absent  from  the  granu¬ 
lar  propellant  alternative  -  the  inability  to  use  standard  interior 


^F.W.  Robbins,  J.A.  Kudzal,  J.A .  McWilliams,  and  P.S.  Gough,  "Experimental 
Determination  of  Stick  Charge  Flou  Resistance,"  17th  JANNAF  Combustion 
Meeting,  CPIA  Publication  329,  Vol.  II,  op.  97-118,  November  1980. 

^ A.W .  Horst,  "A  Comparison  of  Barrel-Heating  Processes  for  Granular  and  Stick 
Propellant  Charges,"  ARBRL-MR-03193 ,  USA  ARRADCOM,  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD,  August  1982  (AD  A1 18394). 

3 J.A.  Lannon,  A.J.  Bracuti,  C.J.  Gardner,  D.  Adams,  and  G.  Sterbutzel,  "Wear 
Testing  of  M30A1  and  M31E1  Propellant  Stick  Configuration  Packaged  in  Bags 
and  Combustible  Cases, "  Tri-Service  Wear  and  Erosion  Symposium,  Picatinny 
Arsenal,  Dover,  NJ,  October  1982. 

4L.W.  Nordheim,  H.  Soodak,  and  G.  Nordheim,  "Thermal  Effects  of  Propellant 
Gases  in  Erosion  Vents  and  Guns,"  NDRC  Armor  and  Ordnance  Report  No.  A-262, 
National  Defense  Research  Committee,  Washington,  D'i,  March  1944. 
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ballistic  aodels  as  design  tools.  The  predicted  performance  of  stick 
propellant,  using  reasonably  uncompromised  data  bases,  always  falls  somewhat 
below  that  achieved  in  the  gun,  and,  while  this  sounds  like  a  very  enjoyable 
circumstance  to  encounter,  it  also  precludes  the  modeler  from  providing 
reliable  estimates  of  the  optimum  stick  geometry  for  achieving  the  desired 
ballistic  level.  This  situation,  unhappily,  can  cost  a  charge  development 
program  many  precious  months,  as  the  "cut  and  try”  method  often  requires  one 
or  more  extra  Iterations. 

Our  earlier  work, 5  based  on  separate,  lumped-parameter  modeling  of 
burning  inside  the  perforations  and  on  the  exterior  surfaces  of  unslotted 
stick  propellant,  suggested  that  pressurization  inside  the  perforation  over 
that  in  the  external  volume  was  a  strong  function  of  propellant  dimensions 
(Figure  1).  The  analysis  assumed  the  two  computational  regions  to  be 
coupled  by  isentropic  mass  flow  relations.  Even  with  a  unity  discharge 
coefficient,  pressure  differentials  that  exceeded  corresponding  dynamic 
measurements  of  propellant  burst  strength  by  more  than  an  order  of  magnitude 
were  predicted  for  common  stick  geometries  -  a  condition  which  all  but 
assures  mechanical  failure  of  the  propellant  sticks! 

Gun  firings  were  then  conducted  to  probe  and  perhaps  quantify  this 
hypothesis.  Firings  were  conducted  in  a  155-mm  howitzer  employing  unslot¬ 
ted,  single-perforated,  M30A1  stick  propellant,  in  charges  of  the  same  total 
propellant  mass  but  with  the  sticks  cut  to  different  lengths.  While 
classical  interior  ballistic  theory  would  predict  only  minor  ballistic 
differences  associated  with  the  small  differences  in  burning  surface  (l.e., 
end  areas),  the  results  of  Table  1  reveal  major  differences.  The  longest 
grains  exhibited  the  highest  maximum  pressures.  These  data  are  at  least 
qualitatively  consistent  with  a  hypothesis  built  on  the  trends  of  Figure 
1.  However,  in  order  to  reproduce  these  results  with  the  model,  It  was  also 
necessary  to  speculate  that  the  total  additional  burning  surface  associated 
with  splitting  was  a  function  of  the  Initial  stick  length.  This  added 

TABLE  1.  FIRING  RESULTS  FOR  THREE  LENGTHS  OF  UNSLOTTED  STICK  PROPELLANT 


Grain  Length 

Maximum  Pressure 

Muzzle  Velocity 

(mm) 

(MPa) 

(m/s) 

Average 

Range 

Average 

Range 

686 

354 

813 

343 

314 

5 

799 

2 

171 

263 

3 

778 

5 

^ F.W .  Robbine  and  A.W.  Horst,  " A  Si  yple  Theoretical  Analysis  and  Experimental 
Investigation  of  Burmin  Process  for  Stick  Propellant ,"  ARBRL-MR-03295 , 

USA  ARRADCOM,  Ballistic  ne  sa-,  i  laboratory,  Aberdeen  Proving  Ground,  HD, 
July  1983 . 


PRESSURE  DIFFERENCE  (MPa)  PRESSURE  DIFFERENCE  (MPa) 


Figure  1.  Calculated  Pressure  Difference  Between 
Perforation  and  Exterior  Region 
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degree  of  freedom  made  it  possible  to  match  all  observed  pressures,  though 
corresponding  calculated  velocities  remained  low  in  all  cases. 

With  this  background,  we  now  proceed  to  describe  several  experiments 
conducted  to  clarify  our  speculations. 

II.  EXPERIMENTAL  TECHNIQUES 

A  somewhat  more  sophisticated  device  than  reported  previously-’  was 
fabricated  to  measure  pressurization  within  the  perforation  of  a  burning 
propellant  stick.  The  principal  improvement  was  the  addition  of  small 
chambers  at  each  end  of  the  fixture,  shown  in  Figure  2,  for  controlling  the 
ignition  function.  The  ignition  system  consisted  of  one  black  powder  pellet 
(0.192  g)  initiated  by  an  M100  Match.  Initially,  igniters  were  placed  in 
both  end  chambers  in  an  attempt  to  provide  a  uniform  pressurization  environ¬ 
ment;  however,  ignition  at  one  end  was  soon  adopted  as  simultaneity  of 
functioning  of  the  two  igniters  could  not  be  achieved.  Four  Kistler  607 C2 
pressure  gages  were  mounted  along  the  length  of  the  propellant  stick,  with 
additional  gages  in  the  end  chambers.  The  gages  were  clamped  to  the 
propellant  stick  ever  small  holes  drilled  through  to  the  perforation  in  such 
a  way  that  the  propellant  itself  provided  the  sealing  surface.  Micro- 
Measurements  strain  gages,  Type  EA-300250BF-350  and  EP-08-125AC-350  were 
employed  in  later  tests,  affixed  to  the  M30A1  propellant  sticks  with  M-Bond 
200  adhesive  and  to  the  NOSOL  363  propellant  samples  with  M-Bond  Type  AE. 

A  second  test  fixture  employed  was  a  155-mm,  short-barreled  howitzer, 
shown  in  Figure  3.  Projectile  travel  was  only  about  100  mm;  though,  due  to 
the  finite  emptying  time  of  the  gun  while  most  of  the  propellant  was  still 
burning,  maximum  pressures  achieved  actually  corresponded  to  about  200  mm  of 
travel  in  a  standard  howitzer.  Collection  of  extinguished  propellant  sticks 
after  the  firings  allowed  detailed  examination  of  fractured  surfaces  and 
measurement  of  burned  distances.  All  firings  were  performed  using  M101 
Projectiles  adjusted  to  a  mass  of  43.08  kg. 

The  designations  and  dimensions  of  stick  prooellants  used  in  testing 
are  provided  in  Table  2.  Perforation  diameters  were  measured  using  Feuer 
Steel  Plug  Gage  (precision)  Pins,  a  technique  found  to  be  fast,  in  good 
agreement  with  optical  measurements,  and  reproducible  within  0.02  mm.  Outer 
diameters  of  the  sticks  were  measured  with  calipers  or  a  micrometer,  and 
8 lot  widths  were  determined  using  an  optical  comparator. 

III.  RESULTS  AND  DISCUSSION 

A.  Measurements  of  Pressurization  Within  the  Perforation 

Using  the  "Pressure-Inside-the-Perforation"  (PIP)  Device  of  Figure  2, 
pressure-time  curves,  such  as  those  shown  in  Figure  4,  were  obtained  for  the 
various  unslotted  stick  propellants.  Surviving  portions  of  the  extinguished 
propellant  stick  for  the  same  test  are  depicted  in  Figure  5.  The  M30A1 
typically  split  longitudinally  into  pieces  50-  to  100-mm  long,  though  it 
usually  sheared  cleanly  at  the  gage  clamps,  leaving  right  circular  cylinders 
of  propellant  the  length  of  these  adapters.  The  NOSOL  363  propellant  also 
split  during  testing,  but  usually  separated  longitudinally  into  only  four  or 
five  pieces.  Average  maximum  pressures  before  fra  ture  of  the  full-length 
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2.  Experimental  Device  for  Measuring  Pressure  Inside 
Burning  Perforation  of  an  Unslotted  Stick  Propellant 


Figure  3.  155-mm,  Short-Barreled  Howitzer 


TYPICAL  CURVES  UNSLOTTED  STICK  PROPELLANT 
. _ GAGES  AT  86.171,343.600  MM 


Figure  5.  Measurements  of  Extinguished  Pieces  of  M30A1,  Unslottad,  Stick  Propellant  from  the  PIP  Device 


TABLE  2.  MEASURED  PROPELLANT  DIMENSIONS 


Type 

Length 

(mm) 

Perforation 

Diameter 

(mm) 

Outer 

Diameter 

(mm) 

Slot 

Width 

(mm) 

N0S0L  363  Unslotted 
Small  Perforation 

686 

0.81 

6.40 

— 

N0S0L  363  Unslotted 
Large  Perforation 

686 

1.96 

7.49 

— 

M30A1  Unslotted 

RAD  472-12 

686 

1.50 

6.50 

— 

M30A1  Slotted 

RAD  472-11 

686 

1.45 

6.53 

0.2 

M30A1  Slotted 

737 

1.45 

6.53 

0.1 

RAD  472-10 

sticks  were  44  MPa  for  the  M30A1  propellant  and  27  MPa  for  the  NOSOL  363. 
It  would  seem  reasonable  to  expect  these  burst  pressures  to  be  applicable  to 
the  ballistic  environment  as  well. 


Returning  now  to  the  test  depicted  in  Figure  4,  the  pressurization 
event  is  seen  to  travel  from  left  to  right,  with  an  apparent  velocity  over 
the  second  half  of  its  travel  of  890  m/s.  We  note  that  both  pressurization 
rates  and  maximum  pressures  achieved  Increase  as  the  event  progresses  down¬ 
stream.  It  may  be  postulated,  therefore,  that  ignition  and  combustion  are 
occurring  just  behind  the  pressure  front,  leading  very  rapidly  to  stick 
rupture  and  depressurization.  Assuming  this  picture  to  be  correct,  then, 
not  surprisingly,  some  rate  dependence  of  the  propellant  burst  strength  can 
be  Inferred  from  the  data.  However,  even  at  the  highest  rates  of  pressuri¬ 
zation  achieved  during  this  testing,  mechanical  failure  of  the  propellant 
sticks  accompanies  pressures  an  order  of  magnitude  lower  than  pressure 
differentials  previously  calculated  to  occur,  were  fracture  not  to  take 
place,  during  the  ballistic  event. ^ 


Measurements  of  extinguished  propellant  sticks  revealed  greater  burn 
distances,  perhaps  caused  by  erosion,  over  the  first  few  centimeters  from 
each  end  of  the  stick.  Maximum  consumption  was  achieved  near  the  first 
pressure  gage  (86  mm),  while  only  a  few  hundreths  of  a  millimeter  was 
measured  at  the  second  gage  location  (171  mm). 

Post-test  measurements  of  a  shorter  (171-mm),  M30A1  propellant  stick 
are  also  shown  in  Figure  5.  Only  one  igniter  was  employed  and  the  stick  was 
blown  out  of  the  ignition  chamber  in  one  piece  during  the  test. 
Nevertheless,  cone-shaped  propellant  consumption  is  noted  again  at  both  ends 
of  the  stick,  further  confirming  the  presence  of  an  erosive  (i.e.,  velocity- 
coupled)  contribution  to  the  burning  process  in  these  regions.  A  single 
pressure  gage  at  the  center  of  the  stick  registered  22  MPa  before  the  stick 
moved,  well  above  earlier  static  burst  pressures^  but  below  the  dynamic 
burst  levels  described  above.  A  second  171-mm  stick  tested  with  no 
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supporting  pressure  gage  at  its  center  and  in  a  configuration  which 
prevented  propellant  motion  resulted  in  fracture. 


Simulations  of  ignition  and  pressurization  of  a  full-length  (686-mm), 
M30A1  propellant  stick  in  the  PIP  device  were  performed  using  an  experi¬ 
mental  version  of  the  NOVA  two-phase  flow  interior  ballistic  code  devel¬ 
oped  by  Paul  Gough  Associates,  Inc.,  for  the  Naval  Ordnance  Station,  Indian 
Head,  MD.  Results  from  calculations  are  displayed  in  Figure  6.  Times 
calculated  for  passage  of  the  pressure  front  at  the  various  gage  locations, 
as  well  as  the  qualitative  character  of  the  predicted  pressure-time  curves 
themselves,  compare  quite  favorably  with  the  experimental  data  of  Figure 
4.  Predicted  pressurization  rates,  however,  are  somewhat  lower  than 
actually  measured.  On  this  point,  Gough ^  has  suggested  that  his  choice  of 
jump  conditions  at  the  exit  plane  of  the  perforation  was  motivated  by 
simplicity  and  may  need  to  be  modified  as  more  experimental  data  become 
available.  Another  contributor  to  the  disparity  may  simply  be  the  use  of 
Incorrect  low-pressure  burning  rates. 


B.  Measurements  of  Propellant  Strain 

An  attempt  was  made  to  develop  a  technique  for  direct  use  of  strain 
gages  bonded  to  the  outer  surface  of  the  propellant  stick  to  yield  data  from 
which  one  might  infer  the  pressurization  profile  within  the  perforation 
prior  to  fracture.  A  principal  advantage  of  this  technique  is  the  removal 
of  the  supporting  hardware  used  to  clamp  the  pressure  gages  to  the 
propellant  sticks.  Initial  results  were  encouraging,  in  that  strain 
profiles  mimicked  the  corresponding  profiles,  both  in  time  and  shape, 
recorded  by  adjacent  pressure  gages.  Problems  yet  to  be  overcome,  however. 
Include  calibration  of  the  strain  gage,  nonlinearity  of  the  bridge  circuit 
for  large  changes  in  resistance,  and  difficulty  in  determining  propellant 
rupture  times.  At  the  very  minimum,  the  strain  gages  serve  as  convenient 
event  markers  for  the  onset  of  pressurization  and  indicators  of  tension  or 
compression  at  the  time  of  propellant  failure.  Strain  data  for  a  full- 
length,  M30A1  propellant  stick.  Ignited  this  time  at  the  right  end,  are 
presented  in  Figure  7. 

C.  Short-Barreled  Howitzer  Tests 


Firings  were  conducted  in  the  I55-mm,  short-barreled  howitzer  described 
previously  using  several  lengths  of  both  M30A1  and  NOSOL  363  stick 
propellant.  A  first  series  made  use  of  the  same  total  charge  weight,  9.52 
kg,  of  either  full-length  (686-mm)  sticks  or  a  combination  of  86-  and  171-mm 
long  sticks  stacked  in  bundles  as  shown  in  Figure  8.  A  second  series 
employed  various  charge  weights  of  the  same  M30A1  stick  propellant  lot. 
High-speed  cinematography  (5000  frames/second)  recorded  ejection  of  burning 
propellant  for  all  tests;  the  extinguished  grains  were  then  collected  and 


^P.S.  Gough,  "Extensions  to  NOVA  Flame  spreading  Modeling  Capacity, "  Task  I 
Report  for  the  Naval  Ordnance  Station,  Indian  Head,  MD,  Contract  N001 74-80-C- 
0316,  Paul  Gough  Associates,  Inc.,  Portsmouth,  NH,  April  1981. 
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TYPICAL  STRAIN  GAGE  CURVES  FOR  UNSLOTTEO  STICK 
GAGES  AT  86.171.343,514.600  MM 


C 

(0 


Strain  Gage  Output  for  a  PIP  Firing  of  an  Unslotted,  M30A1  Stick 


Figure  8.  Test  Configuration  for  86-  and  171-rnm  Propellant 
Sticks  in  the  Short-Barreled  Howitzer 


Measured.  Photographs  of  the  extinguished  grains  are  included  as  Figures  9 
through  20.  Maximua  pressure  and  Measured  dimensions  for  the  two  series  are 
provided  in  Tables  3  and  4.  In  addition,  a  typical  set  of  pressure-time 
profiles  is  presented  in  Figure  21.  We  note  that  pressures  at  the  breech 
and  aid-chamber  positions  were  nearly  the  same  for  all  stick  firings.  (An 
M203  granular  propellant  charge,  fired  as  a  reference  round,  exhibited  the 
expected,  larger  gradient  between  these  positions.) 

Returning  to  the  photographs  of  extinguished  propellant  sticks,  rem¬ 
nants  of  full-length  and  short  sticks  from  M30A1  Lot  RAD-47 2- 12  fired  during 
the  first  series  are  seen  in  Figures  9  and  10,  respectively.  Close  exami¬ 
nation  of  the  propellant  fragments  allowed  determination  of  whether  or  not  a 
surface  generated  by  fracture  had  undergone  any  subsequent  burning.  Extin¬ 
guished  pieces  from  the  full-length  firing,  with  a  maximum  length  of  about 
150  mm,  all  showed  evidence  of  combustion  after  fracture.  The  self¬ 
generated  slots  had  burned  about  the  same  distance  as  had  the  outer  surfaces 
of  the  sticks,  indicating  that  splitting  had  occurred  very  early  in  the 
burning  process.  While  no  unbroken  full-lfength  sticks  were  collected,  about 
90  per  cent  of  the  short  sticks  recovered  remained  Intact.  Some  of  the 
short  sticks  did  exhibit  splitting  and  holes,  and  all  experienced  a  coning 
effect  of  as  much  as  0.5  mm  for  the  first  25  to  50  mm  at  each  end. 
Interestingly,  the  86-mm  sticks  from  the  short  stick  tests  taist  have  burned 
completely,  as  none  were  recovered.  We  call  attention  to  the  difference  in 
maximum  pressures  (Table  3)  for  the  two  charges,  providing  additional 
evidence  of  propellant  splitting  during  the  burning  process  for  the  full- 
length  sticks • 

Figures  11  and  12  display  the  recovered  stick  fragments  from  similar 
firings  employing  the  large-perforation  NOSOL  363.  Again,  no  unbroken,  long 
sticks  were  found,  and  the  pieces  exhibited  both  splitting  and  evidence  of 
burning  early  in  the  ballistic  cycle.  Measurements  taken  on  the  pieces 
indicated  somewhat  greater  burn  distances  within  the  perforation  than  on 
exterior  surfaces.  Short  sticks  of  both  lengths  were  found,  though  very  few 
were  of  the  shorter  86-mm  length.  Coning  could  be  observed  only  on  the  171— 
mm  sticks.  A  dependence  of  maximum  pressure  on  stick  length  was  again 
noted,  though  not  as  great  as  for  the  M30A1  propellant.  This  result  is 
consistent  with  the  reduced  level  of  fracture  observed  for  the  N0S0L  363 
propellant  in  the  PIP  tests. 

Photographs  of  propellant  remnants  from  the  small-perforation,  NOSOL 
363  firings  are  shown  in  Figures  13  and  14.  As  before,  only  a  few  of  the 
86-mm  sticks  were  recovered,  which  this  time  did  show  some  evidence  of 
coning  at  the  ends  of  the  perforations.  Otherwise,  burn  distances  for  the 
86-mm  sticks  were  the  same  on  both  interior  and  exterior  surfaces.  However, 
with  the  full-length  and  171-mm,  small-perforation  sticks,  significantly 
greater  burn  distances  Inside  the  perforation  than  on  exterior  surfaces  were 
measured,  again  consistent  with  the  calculations.  In  a  related  study'  a 


?A. A.  Juhasa,  F.U.  Robbine,  R .  Bowman ,  J.  Doali,  and  I V.P.  Aungst, 
"Combustion  Characteristics  of  NOSOL  363  Single  Perforated  and  Slotted 
Stick  Propellants, "  19th  JANNAF  Combustion  Meeting,  CPIA  Publication  366, 
Vol  I,  pp.  427-442 ,  October  1982, 


TABLE  3.  DATA  FROM  SHORT-BARRELED  HOWITZER  TESTS  -  SERIES  I 


Propellant 

Charge 

Mass 

(kg) 

Breech 

Pressure 

(MPa) 

Mid- Chamber 
Pressure 
(MPa) 

Forward 

Pressure 

(MPa) 

Change 

ID 

(mm) 

in  Dimension 
OD  Slot 
(mm)  (mm) 

M203  Charge  11.86 
M30A1  Granular 

RAD  77G-69805 

293 

281 

234 

not 

measured 

M30A1  Stick 
RAD  472-12 
686-mm  Long 

9.52 

269 

268 

224 

1.88 

1.85 

— 

M30A1  Stick  9.52 
RAD  472-12 

86-,  171-mm  Long 

191 

187 

165 

1.73* 

1.63 

— 

NOSOL  363 
Large  Perf 
686-mm  Long 

9.52 

186 

187 

161 

1.88 

1.68 

—— 

NOSOL  363  9.52 

Large  Perf 

86-,  171-mm  Long 

165 

162 

131 

1.42* 

1.55 

— * 

NOSOL  363 
Small  Perf 
686-mm  Long 

9.52 

197 

197 

152 

1.96 

1.57 

NOSOL  363 
Small  Perf 
86-,  171-mm 

9.52 

Long 

184 

180 

158 

2.01* 

1.63 

M30A1  Stick 
RAD  472-11 
686-mm  Long 

9.52 

203 

200 

lost 

1.63 

1.75 

1.78 

M30A1  Stick 

9.52 

201 

198 

175 

1.70 

1.70 

1.85 

RAD  472-11 
86-,  171-tmn  Long 

♦These  sticks  exhibited  significant  coning  at  the  ends;  measurements 
reported  were  taken  at  the  center  of  the  grain. 


Extinguished  Pieces  of  Long,  Unslotted,  M30A1  Stick  Propellant,  Lot  RAD  472-12 


cm 


Extinguished  Pieces  of  Long,  Large-Perforation,  Unslotted,  NOSOL  363  Stick  Propellant 


Figure  12 


Extinguished  Pieces  of  Short,  Small-Perforation,  Unslotted,  NOSOL  363  Stick  Propellant 


dependence  was  observed  between  grain  length  and  extracted,  closed  bomb 
burning  rates  for  NOSOL  363  propellant.  Enhanced  burning  within  the 

perforation  as  well  as  coning  at  the  ends  were  again  observed  in 

extinguished  grains.  Some  discrepancies  between  the  results  of  the  two 
studies  do,  however,  remain  to  be  resolved. 

Collected  fragments  from  the  final  two  firings  of  the  first  series  are 
displayed  in  Figures  IS  and  16.  This  time  slotted,  M30A1  stick  propellant, 
Lot  RAD  472-11,  was  employed.  While  only  small  pieces  of  the  full-length 
sticks  were  recovered,  there  was  no  evidence  of  burning  on  the  fractured 
surfaces,  suggesting  that  the  sticks  broke  late  in  the  cycle  or  even  after 

exiting  the  gun.  As  with  some  of  the  previous  firings,  no  86-mm  sticks  were 

recovered;  further,  virtually  all  of  the  171-mm  sticks  were  found  intact. 
For  all  recovered  propellant  pieces,  the  measured  burn  distances  within  the 
perforation,  on  the  outer  diameter,  and  on  the  slot  faces  were  virtually  the 
same  -  a  totally  classical  picture  of  surface  regression.  The  recorded 
maximum  chamber  pressures  corroborate  this  view,  being  essentially  equiva¬ 
lent  to  that  expected  with  no  burning  augmentation  or  propellant  fracture. 

A  second  series  of  firings  (Table  4)  with  slotted  stick  propellant  was 
conducted  with  reduced  charge  weights  in  an  attempt  to  recover  unbroken, 
full-length  sticks.  M30A1  propellant,  Lot  RAD  472-10,  was  employed  because 
the  supply  of  Lot  RAD  472-11  had  been  exhausted.  As  shown  in  Figures  17 
through  20,  the  quantity  and  size  of  recovered  pieces  Increased  as  the 
charge  weight  was  reduced,  but  no  unbroken,  full-length  sticks  were  ever 
recovered.  High-speed  (5000  f rameu/second)  movies  of  a  firing  with  the 

TABLE  4.  DATA  FROM  SHORT-BARRELED  HOWITZER  TESTS  -  SERIES  II 


Propellant 

Charge 

Breech 

Mid-Chamber 

Forward 

Change 

in  Dimension 

Mass 

Pressure 

Pressure 

Pressure 

ID 

OD 

Slot 

(kg) 

(MPa) 

(MPa) 

(MPa) 

(mm) 

(mm) 

(mm) 

M30A1  Stick 

9.52 

197 

197 

156 

not 

measured 

RAD  472-10 
737-mm  Long 

8.16 

147 

141 

123 

1.37 

1.55 

1.55 

6.80 

l08t 

lost 

lost 

1.35 

1.45 

1.47 

6.80 

128 

127 

110 

1.52 

1.45 

1.65 

5.44 

112 

108 

91 

1.37 

1.40 

1.52 

lowest  charge  weight  (5.44  kg)  revealed  that  the  sticks  did  exit  the  gun 
Intact  but  apparently  broke  as  they  tried  to  bend  and  follow  the  radially 
expanding  muzzle  flow,  (See  Figure  22.)  For  larger  charge  weights,  the 
exiting  propellant  was  obscured  by  flash,  but  it  is  assumed  that  a  similar, 
even  more  vigorous  event  occurred,  leading  to  the  greater  amount  of  fracture 
and  scattering.  Measurements  of  recovered  propellant  fragments  again 
revealed  a  nearly  uniform  regression  on  all  surfaces,  though  a  surprising 
result  was  that  it  was  also  the  same  for  all  charge  weights  fired. 


Extinguished  Pieces  of  Long,  Slotted,  M30A1  Stick  Propellant,  Lot  RAD  472-11 


472-10 


Figure  18.  Extinguished  Pieces  of  Slotted,  M30A1  Stick  Propellant,  Lot  RAD  472-10;  8.16-Kg  Charge 


(SLOTTED 


Extinguished  Pieces  of  Slotted,  M30A1  Stick  Propellant,  Lot  RAD  472-10;  6.80-Kg  Charge 


5.44  KG  M30A1  SLOTTED  STICK  737  MM  LONG 
GAGES  AT  BREECH.  MID-CHAMBER.  RND  BASE 


Typical  Pressure-Time  CXirves  from  Stick  Propellant  Firing  in  the  Short-Barreled  Howitzer 


IV.  CONCLUSIONS 


Long,  unslotted  stick  propellant  with  nominal  perforation  diameters 
splits  early  in  the  interior  ballistic  cycle  generating  increased  surface 
area.  This  mechanism  accounts  for  the  major  increase  in  observed  maximum 
chamber  pressure  over  that  calculated  using  classical  interior  ballistic 
theory.  Coning  at  the  ends  of  and  augmented  burning  within  the  perforation 
both  occur  in  those  sticks  which  do  not  split,  but  are  second-order  effects. 

Short,  unslotted  stick  propellant  does  not  split  during  the  interior 
ballistic  cycle.  When  about  170-mm  long,  these  sticks  exhibit  both  coning 
and  augmented  burning  within  the  perforation.  Gun  firings  conducted  with 
this  propellant  yield  very  nearly  the  expected  maximum  chamber  pressure, 
but,  as  previously  noted  with  unslotted  stick  propellant,®  result  in  a 
muzzle  velocity  some  3  or  4  percent  higher  than  calculated  with  standard 
lumped-parameter  Interior  ballistic  codes. 

Long,  slotted,  M30A1  stick  propellant  does  not  split  during  the  early 
portion  of  the  interior  ballistic  cycle  and  probably  most  often  does  not 
split  at  all  until  near  burnout.  Moreover,  all  burning  surfaces  regress  at 
the  same  rate  in  accordance  with  classical  theory. 

The  NOVA  two-phase-flow  interior  ballistic  code,  as  modified  for  stick 
propellant,  provides  a  phenomenologically  more  complete  treatment  of  flame- 
spread  and  combustion  within  the  perforation  of  stick  propellant.  This  code 
and  TDNOVA,  its  two-dimensional  derivative,  should  serve  as  valuable  tools 
for  future  study  of  stick  propellant  combustion. 

V.  RECOMMENDATIONS 

Further  Investigation  of  stick  propellant  phenomenology  is  required  to 
determine  the  source  of  the  Increase  in  muzzle  velocity  over  that  predicted 
by  classical  theory  so  that  future  stick  propellant  charge  designs  may 
routinely  realize  this  potential. 

The  concept  of  programmed  splitting  of  stick  propellant,  triggered  by 
augmented  burning  within  the  perforation,  appears  to  warrant  exploitation  as 
a  technique  for  achieving  a  desirable,  large  increase  in  burning  surface  at 
a  late  stage  in  the  interior  ballistic  cycle.  Coupled  with  the  extremely 
high  loading  densities  achievable  with  such  geometries  as  hexagonal-shaped, 
perforated  stick  propellant,  this  very-high-progressivity  concept  may  offer, 
in  addition  to  the  previously  mentioned  advantages  of  stick  propellant, 
valuable  Increases  in  performance  as  well. 


%.  Einetein,  Personal  Communication,  USA  ARFADCOM,  Dover,  NJ,  August  1982. 


39 


ACKNOWLEDGEMENTS 


The  authors  wish  to  thank  Mr.  R.  S.  Weatley  and  Mr.  S.  B.  Bernstein, 
both  from  the  Large  Caliber  Weapon  Systems  Laboratory,  USA  ARRADCOM,  Dover, 
NJ,  for  providing  the  M30A1  stick  propellants  used  in  this  study. 
Appreciation  is  also  expressed  to  Mr.  T.  C.  Smith  of  the  Naval  Ordnance 
Station,  Indian  Head,  MD,  for  supplying  the  NOSOL  363  propellants.  We  also 
wish  to  thank  Mr.  N.  Almeyda  of  the  Naval  Ordnance  Station  for  providing  the 
experimental  version  of  the  NOVA  code  and  Dr.  P.  S.  Gough  of  Paul  Gough 
Associates,  Inc.,  Portsmouth,  NH,  for  help  in  interpretation  of  NOVA  code 
results. 


REFERENCES 


1.  F.W.  Robbins,  J.A.  Kudzal,  J.A.  McWilliams,  and  P.S.  Gough,  "Experi¬ 
mental  Determination  o£  Stick  Charge  Flow  Resistance,"  17th  JANNAF 
Combustion  Meeting,  CPIA  Publication  329,  Vol.  II,  pp.  97-118,  November 

1980. 

2.  A.W.  Horst,  "A  Comparison  of  Barrel-Heating  Processes  for  Granular  and 
Stick  Propellant  Charges,"  ARBRL-MR-03193 ,  USA  ARRADCOM,  Ballistic 
Research  Laboratory,  Aberdeen  Proving  Ground,  MD,  August  1982  (ADA118394). 

3.  J.A.  Lannon,  A.J.  Bracuti,  C.J.  Gardner,  D.  Adams,  and  G.  Sterbutzel, 
"Wear  Testing  of  M30A1  and  M31E1  Propellant  in  Stick  Configuration 
Packaged  in  Bags  and  Combustible  Cases,"  Tri-Service  Wear  and  Erosion 
Symposium,  Picatinny  Arsenal,  Dover,  NJ,  October  1982. 

4.  L.W.  Nordhelm,  H.  Soodak,  and  G.  Nordheim,  "Thermal  Effects  of  Propel¬ 
lant  Gases  in  Erosion  Vents  and  Guns,"  NDRC  Armor  and  Ordnance  Report 
No.  A-262,  National  Defense  Research  Committee,  Washington,  DC,  March 
1944. 


5.  F.W.  Robbins  and  A.W.  Horst,  "A  Simple  Theoretical  Analysis  and  Experi¬ 
mental  Investigation  of  Burning  Processes  for  Stick  Propellant,"  ARBRL- 
MR-03295,  USA  ARRADCOM,  Ballistic  Research  Laboratory,  Aberdeen  Proving 
Ground,  MD,  July  1983. 

6.  P.S.  Gough,  "Extensions  to  NOVA  Flamespreading  Modeling  Capacity,"  Task 
I  Report  for  the  Naval  Ordnance  Station,  Indian  Head,  MD,  Contract 
N00174-80-C-0316,  Paul  Gough  Associates,  Inc.,  Portsmouth,  NH,  April 

1981. 


7.  A. A.  Juhasz,  F.W.  Robbins,  R.  Bowman,  J.  Doall,  and  W.P.  Aungst,  "Com¬ 
bustion  Characteristics  of  NOSOL  363  Single  Perforated  and  Slotted  Stick 
Propellants,"  19th  JANNAF  Combustion  Meeting,  CPIA  Publication  366,  Vol 
I,  pp.  427-442,  October  1982. 

8.  S.  Einstein,  Personal  Communication,  USA  ARRADCOM,  Dover,  NJ,  August 

1982. 


41 


DISTRIBUTION  LIST 


No,  Of  No.  Of 

Copies  Organization  Copies  Organization 


12  Administrator 

Defense  Technical  Info  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22314 

1  Office  of  the  Under  Secretary 
of  Defense 

Research  &  Engineering 
ATTN:  R.  Thorklldsen 
Washington,  DC  20301 

1  HQDA/SAUS-OR,  D.  Hardison 
Washington,  DC  20301 

1  HQDA/DAMA-ZA 

Washington,  DC  20310 

1  HQDA,  DAMA-CSM,  E.  Lippi 
Washington,  DC  20310 

1  HQDA/ SARDA 

Washington,  DC  20310 

1  Commandant 

US  Army  War  College 
ATTN:  Library- FF229 
Carlisle  Barracks,  PA  17013 

1  Ballistic  Missile  Defense 
Advanced  Technology  Center 
P.  0.  Box  1500 
Huntsville,  AL  35804 

1  Chairman 

DOD  Explosives  Safety  Board 
Room  856-C 
Hoffman  Bldg.  1 
2461  Eisenhower  Avenue 
Alexandria,  VA  22331 


3  Commander 

US  Army  Materiel  Development 
and  Readiness  Command 
ATTN:  DRCDMD-ST 

DCRSF-E,  Safety  Office 
DRCDE-DW 

5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

13  Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-TD ,  A.  Moss 
DRDAR-TSS 
DRDAR-TD C 
D.  Gyorog 
DRDAR-LCA 
J .  Lannon 

A.  Beardell 

D .  Downs 

S.  Einstein 
L.  Schlosberg 
S.  Westley 
S.  Bernstein 
P .  Kemmey 
C .  Heyman 
Dover,  NJ  07801 

9  US  Army  Armament  R&D  Command 
ATTN:  DRDAR-SCA,  L.  Stiefel 

B.  Brodman 

DRDAR-LCB-I,  D.  Spring 
DRDAR-LCE,  R.  Walker 
DRDAR-LCU-CT 

E.  Barrieres 

R.  Davitt 
DRDAR-LCU-CV 

C.  Mandala 
E.  Moore 
DRDAR-LCM-E 

S.  Kaplowitz 
Dover,  NJ  07801 


43 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

1  Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-QAR, 

J.  Rutkowskl 
Dover,  NJ  07801 

5  Project  Manager 

Cannon  Artillery  Weapons 
System 

ATTN:  DRCPM-CW 
F.  Menke 
DRCPM-CWW 
H.  Noble 
DRCPM-CWS 
M.  Flsette 
DRCPM-CWA 
R.  DeKleine 
H.  Hassmann 
Dover,  NJ  07801 

2  Project  Manager 
Munitions  Production  Base 
Modernization  and  Expansion 
ATTN:  DRCPM-PMB ,  A.  Slklosl 

SARPM-PBM-E ,  L.  Laibson 
Dover,  NJ  07801 

3  Project  Manager 

Tank  Main  Armament  System 
ATTN:  DRCPM-TMA ,  K.  Russell 
DRCPM-TMA- 105 
DRCPM-TMA- 120 
Dover,  NJ  07801 

3  Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-LCW-A 
M.Salsbury 
DRDAR-LCS 

DRDAR-LC,  J.  Frasier 
Dover,  NJ  07801 


No.  Of 

Copies  Organization 

5  Commander 

US  Army  Armament  Materiel 
Readiness  Command 
ATTN:  DRSAR-LEP-L 

DRSAR-LC,  L.  Ambroslnl 
DRSAR-IRC,  G.  Cowan 
DRSAR-LEM,  W.  Fortune 
R.  Zastrow 

Rock  Island,  IL  61299 
1  Commander 

US  Army  Watervliet  Arsenal 
ATTN:  SARWV-RD,  R.  Thierry 
Watervliet,  NY  12189 

1  Director 

US  Army  ARRAD00M  Benet 
Weapons  Laboratory 
ATTN:  DRDAR-LCB-TL 
Watervliet,  NY  12189 

1  Commander 

US  Army  Aviation  Research 
and  Development  Command 
ATTN:  DRDAV-E 
4300  Goodfellow  Blvd. 

St.  Louis,  M0  63120 

1  Commander 

US  Army  Mobility  Research 
&  Development  Laboratory 
4300  Goodfellow  Blvd. 

St.  Louis,  MO  63120 

1  Director 

US  Army  Air  Mobility  Research 
And  Development  Laboratory 
Ames  Research  Center 
Moffett  Field,  CA  94035 

1  Commander 

US  Army  Communications 
Research  and  Development 
Command 

ATTN:  DRSEL-ATDD 
Fort  Monmouth,  NJ  07703 


DISTRIBUTION  LIST 


of  No.  Of 


>les  Organization 

1  Commander 

US  Army  Electronics  Research 
and  Development  Command 
Technical  Support  Activity 
ATTN:  DELSD-L 
Fort  Monmouth,  NJ  07703 

1  Commander 

US  Army  Harry  Diamond  Lab. 

ATTN:  DELHD-TA-L 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 

2  Commander 
US  Army  Missile  Command 
ATTN:  DRSMI-R 

DRSMI-YDL 

Redstone  Arsenal,  AL  35898 
Commander 

US  Army  Natick  Research  and 
Development  Command 
ATTN:  DRDNA-DT ,  Dr.  D.  Sieling 
Natick,  MA  01762 

Commander 

US  Army  Tank  Automotive 
Command 

ATTN:  DRSTA-TSL 
Warreu,  MI  48090 

US  Army  Tank  Automotive 
Command 

ATTN:  DRSTA-CG 
Warren,  MI  48090 

Project  Manager 
Improved  TOW  Vehicle 
ATTN:  DRCPM-ITV 
US  Army  Tank  Automotive 
Command 

Warren,  MI  48090 


Program  Manager 
Ml  Abrams  Tank  System 
ATTN:  DRCPM-GMC-SA 
Warren,  MI  48090 


Copies  Organization 

1  Project  Manager 

Fighting  Vehicle  Systems 
ATTN:  DRCPM-FVS 
Warren,  MI  48090 

1  Director 

US  Army  TRADOC  Systems 
Analysis  Activity 
ATTN:  ATAA-SL 
White  Sands  Missile  Range 
NM  88002 

1  Project  Manager 

M-60  Tank  Development 
ATTN:  DRCPM-M60TD 
Warren,  MI  48090 

1  Commander 

US  Army  Training  &  Doctrine 
Command 
ATTN:  AT CD-  A 
Fort  Monroe,  VA  23651 

2  Commander 
US  Army  Materials  and 

Mechanics 
Research  Center 
ATTN:  DRXMR-ATL 

Tech  Library 
Watertown,  MA  02172 

1  Commander 

US  Army  Research  Office 
ATTN:  Tech  Library 
P.  0.  Box  12211 
Research  Triangle  Park,  NC 
27709 

1  Commander 

US  Army  Mobility  Equipment 
Research  &  Development 
Command 

ATTN:  DRDME-WC 
Fort  Belvoir,  VA  22060 

1  Commander 

US  Army  Logistics  Cntr 
Defense  Logistics  Studies 
Fort  Lee,  VA  23801 


DISTRIBUTION  LIST 


No.  Of  No.  Of 

Copies  Organization  Copies  Organization 


2  Commandant 

US  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905 

1  US  Army  Armor  &  Engineer 
Board 

ATTN:  STEBB-AD-S 
Fort  Knox,  KY  40121 

1  Commandant 

US  Army  Aviation  School 
ATTN:  Aviation  Agency 
Fort  Rucker,  AL  36360 

1  Commandant 

Command  and  General  Staff 
College 

Fort  Leavenworth,  KS  66027 

1  Commandant 

US  Army  Special  Warfare 
School 

ATTN:  Rev  &  Tng  Lit  Div 
Fort  Bragg,  NC  28307 

1  Commandant 

US  Army  Engineer  School 

ATTN:  ATSE-CD 

Ft.  Belvoir,  VA  22060 

1  Commander 

US  Army  Foreign  Science  & 
Technology  Center 
ATTN:  DRXST-MC-3 
220  Seventh  Street,  NE 
Charlottesville,  VA  22901 

1  President 

US  Army  Artillery  Board 
Ft.  Sill,  OK  73504 

1  Commandant 

US  Army  Field  Artillery 
School 

ATTN:  ATSF-CO-MW,  B.  Willis 
Ft.  Sill,  OK  73503 


3  Commandant 

US  Army  Armor  School 
ATTN:  ATZK-CD-MS/ 

M.  Falkovitch 
Armor  Agency 
Fort  Knox,  KY  40121 

1  Chief  of  Naval  Materiel 
Department  of  the  Navy 
ATTN:  J.  Amlie 
Washington,  DC  20360 

'1  Office  of  Naval  Research 

ATTN:  Code  473,  R.  S.  Miller 
800  N.  Quincy  Street 
Arlington,  VA  22217 

2  Commander 

Naval  Sea  Systems  Command 
ATTN:  SEA-62R  -  J.  W.  Murrin 

R.  Beauregard 
National  Center,  Bldg.  2 
Room  6E08 

Washington,  DC  20362 

1  Commander 

Naval  Air  Systems  Command 
ATTN:  NAIR-9 54-Tech  Lib 
Washington,  DC  20360 

1  Strategic  Systems  Project 
Office 

Dept,  of  the  Navy 
Room  901 

ATTN:  J.  F.  Kincaid 
Washington,  DC  20376 

1  Assistant  Secretary  of  the 
Navy  (R,  E,  and  S) 

ATTN:  R.  Reichenbach 
Room  5E787 
Pentagon  Bldg. 

Washington,  DC  20350 

1  Naval  Research  Lab 
Tech  Library 
Washington,  DC  20375 


46 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

5  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  G33,  J.  L.  East 
W.  Burrell 
J.  Johndrow 
Code  G23,  D.  McClure 
Code  DX-21  Tech  Lib 
Dahlgren,  VA  22448 

2  Commander 

US  Naval  Surface  Weapons 
Center 

ATTN:  J.  P.  Consaga 
C.  Gotzmer 

Indian  Head,  MD  20640 
4  Commander 

Naval  Surface  Weapons  Center 
ATTN:  S.  Jacobs /Code  240 
Code  730 

K.  Kim/ Code  R-13 
R.  Bernecker 
Silver  Spring,  MD  20910 

2  Commanding  Officer 

Naval  Underwater  Systems 
Center 

Energy  Conversion  Dept. 

ATTN:  CODE  5B331,  R.  S.  Lazar 
Tech  Lib 

Newport,  RI  02840 

4  Commander 

Naval  Weapons  Center 
ATTN:  Code  388,  R.  L.  Derr 
C.  F.  Price 
T.  Boggs 
Info.  Sci.  Div. 

China  Lake,  CA  93355 

2  Superintendent 

Naval  Postgraduate  School 
Dept,  of  Mechanical 
Engineering 
ATTN:  A.  E.  F\ihs 

Code  1424  Library 
Monterey,  CA  93940 


No.  Of 

Copies  Organization 

6  Commander 

Naval  Ordnance  Station 
ATTN:  P.  L.  Stang 
J.  Birkett 
S.  Mitchell 

C.  Christensen 

D.  Brooks 
Tech  Library 

Indian  Head,  MD  20640 

1  AFSC/SDOA 
Andrews  AFB 
MD  20334 

1  Program  Manager 
AP0SR 

Directorate  of  Aerospace 
Sciences 

ATTN:  L.  H.  Caveny 
Bolling  AFB,  DC  20332 

6  AFRPL  (DYSC) 

ATTN:  D.  George 

J.  N.  Levine 
B.  Goshgarian 
D.  Thrasher 
N.  Vander  Hyde 
Tech  Library 
Edwards  AFB,  CA  93523 

1  AFFIX 

ATTN:  SSD-Tech  Lib 
Edwards  AFB,  CA  93523 

1  AFATL/DLY V 

Eglin  AFB,  FL  32542 

1  AFATL/DLJK 

ATTN:  W.  Dittrich 
Eglin  AFB,  FL  32542 

1  AFATA/DLD 

ATTN:  D.  Davis 
Eglin  AFB,  FL  32542 

1  AFATL/DLDL 

ATTN:  0.  K.  Heiney 
Eglin  AFB,  FL  32542 


47 


DISTRIBUTION  LIST 


No.  Of  No.  Of 

Copies  Organization  Copies  Organization 


1  ADTC/DLODL 

ATTN:  Tech  Lib 
Eglin  AFB,  FL  32542 

1  Foster  Miller  Associates 
ATTN:  A.  Erickson 
135  Second  Avenue 
Waltham,  MA  021 ^ 

1  NASA  H Q 

600  Independence  Avenue,  SW 
ATTN:  Code  JM6,  Tech  Lib. 
Washington,  DC  20546 

1  NASA/Lyndon  B.  Johnson  Space 
Center 

ATTN:  NHS-22,  Library 
Section 

Houston,  TX  77058 

1  Aerodyne  Research,  Inc. 
Bedford  Research  Park 
ATTN:  V.  Yousefian 
Bedford,  MA  01730 

1  Aerojet  Solid  Propulsion  Co. 
ATTN:  P.  Micheli 
Sacramento,  CA  95813 

1  Atlantic  Research  Corporation 
ATTN:  M.  K.  King 
5390  Qieorokee  Avenue 
Alexandria,  VA  22314 

1  AVOO  Everett  Rsch  Lab 
ATTN:  D.  Stickler 
2385  Revere  Beach  Parkway 
Everett,  MA  02149 


2  Calspan  Corporation 
ATTN:  Tech  Lib 
P.0.  Box  400 
Buffalo,  NY  14225 

1  General  Applied  Sciences  Lab 
ATTN:  J.  Erdos 
Merrick  &  Stewart  Avenues 
Westbury  Long  Island,  NY 
11590 

1  General  Electric  Company 
Armament  Systems  Dept. 

ATTN:  M.  J.  Bulman, 

Room  1311 
Lakeside  Avenue 
Burlington,  VT  05412 

1  Hercules,  Inc. 

Allegheny  Ballistics 
Laboratory 
ATTN:  R.  B.  Miller 
P.  0.  Box  210 
Cumberland,  MD  21501 

1  Hercules ,  Inc 
Bacchus  Works 
ATTN:  K.  P.  McCarty 

P.  0.  Box  98 

Magna,  UT  84044 

1  Hercules,  Inc. 

Eglin  Operations 
AFATL  DLDL 
ATTN:  R.  L.  Simmons 
Eglin  AFB,  FL  32542 

1  IITRI 

ATTN:  M.  J.  Klein 
10  W.  35th  Street 
Chicago,  IL  60616 

2  Lawrence  Livermore  Laboratory 
ATTN:  M.  S.  L-355, 

A.  Buckingham 
M.  Finger 
P.  0.  Box  808 
Livermore ,  CA  94550 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

1  Olin  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  R.  J.  Thiede 
Bara boo,  WI  53913 

1  Olin  Corporation 

Smokeless  Powder  Operations 
ATTN:  R.  L.  Cook 
P.  0.  Box  222 
St.  Marks,  FL  32355 

1  Paul  Gough  Associates,  Inc. 
ATTN:  P.  S.  Gough 
1048  South  St. 

Portsmouth,  NH  03801 

1  Physics  International  Company 
2700  Merced  Street 
Leandro,  CA  94577 

1  Princeton  Combustion  Research 
Lab.,  Inc. 

ATTN:  M.  Summerfield 
1041  US  Highway  One  North 
Princeton,  NJ  08540 

1  Scientific  Rsch  Assoc.,  Inc. 
ATTN:  H.  McDonald 

P.0.  Box  498 
Glastonbury,  CT  06033 

2  Rockwell  International 
Rocketdyne  Division 

ATTN:  BA08  J.  E.  Flanagan 
J.  Grey 

6633  Canoga  Avenue 
Canoga  Park,  CA  91304 

1  Science  Applications,  Inc. 
ATTN:  R.  B.  Edelman 
23146  Cumorah  Crest 
Woodland  Hills,  CA  91364 


No.  Of 

Copies  Organization 

1  Rensselaer  Polytechnic  Inst. 
Department  of  Mathematics 
Troy,  NY  12181 


3  Thiokol  Corporation 
Huntsville  Division 
ATTN:  D.  Flanigan 
R.  Glick 
Tech  Library 
Huntsville,  AL  35807 

2  Thiokol  Corporation 
Wasatch  Division 
ATTN:  J.  Peterson 
Tech  Library 
P.  0.  Box  524 
Brigham  City,  UT  84302 

2  Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Biddle 
Tech  Lib. 

P.  0.  Box  241 
Elkton,  MD  21921 

2  United  Technologies 

Chemical  Systems  Division 
ATTN:  R.  Brown 

Tech  Library 
P.  0.  Box  358 
Sunnyvale,  CA  94086 

1  Universal  Propulsion  Company 
ATTN:  H.  J.  McSpadden 
Black  Canyon  Stage  1 
Box  1140 
Phoenix,  AZ  85029 

1  Veritay  Technology,  Inc. 
ATTN:  E.  B.  Fisher 
P.  0.  Box  22 
Bowmansville ,  NY  14026 

1  Southwest  Research  Institute 
Institute  Scientists 
ATTN:  Robert  E.  White 
8500  Culebra  Road 
San  Antonio,  TX  78228 


49 


DISTRIBUTION  LIST 


No.  Of 
Copies 


Organization 


No.  Of 
Copies 


Organization 


1  Battelle  Memorial  Institute 
ATTN:  Tech  Library 
505  King  Avenue 
Columbus,  OH  43201 

1  Brigham  Young  University 

Dept,  of  Chemical  Engineering 
ATTN:  M.  Beckstead 
Provo,  UT  84601 

1  California  Institute  of  Tech 
204  Kerman  Lab 
Main  Stop  301-46 
ATTN:  F.  E.  C.  Oulick 
1201  E.  California  Street 
Pasadena,  CA  91125 

1  Director 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 


1  University  of  Illinois 
Dept,  of  Mech  Eng 
ATTN:  H.  Krler 
144  MEB,  1206  W.  Green  St. 
Urbana,  IL  61801 

1  University  of  Massachusetts 
Dept,  of  Mechanical 
Engineering 
ATTN:  K.  Jakus 
Amherst,  MA  01002 

1  University  of  Minnesota 
Dept,  of  Mechanical 
Engineering 
ATTN:  E.  Fletcher 
Minneapolis,  MN  55455 

1  Case  Western  Reserve 
University 

Division  of  Aerospace 
Sciences 
ATTN:  J.  Tien 
Cleveland,  OH  44135 


3  Georgia  Institute  of  Tech 
School  of  Aerospace  Eng. 

ATTN:  B.  T.  Zinn 

E.  Price;  W.  C.  Strahle 
Atlanta,  GA  30332 

1  Institute  of  Gas  Technology 
ATTN:  D.  Gidaspov 
3424  S.  State  Street 
Chicago,  IL  60616 

.  1  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Chemical  Propulsion 
Information  Agency 
ATTN:  T.  Christian 
Johns  Hopkins  Road 
Laurel,  MD  20707 

1  Massachusetts  Institute  of 
Technology 
Dept  of  Mechanical 
Engineering 
ATTN:  T.  Toong 
Cambridge,  MA  02139 

1  Pennsylvania  State  University 
Applied  Research  Lab 
ATTN:  G.  M.  Faeth 
P.  0.  Box  30 
State  College,  PA  16801 

1  Pennsylvania  State  University 
Dept.  Of  Mechanical 
Engineering 
ATTN:  K.  Kuo 
University  Park,  PA  16802 

1  Purdue  University 
School  of  Mechanical 
Engineering 
ATTN:  J.  R.  Osborn 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

1  Rensselaer  Polytechnic  Inst. 
Department  of  Mathematics 
Troy,  NY  12181 


50 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

1  Rutgers  University 

Dept,  of  Mechanical  and 
Aerospace  Engineering 
ATTN:  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 

1  SRI  International 

Propulsion  Sciences  Division 
ATTN:  Tech  Library 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

I  Stevens  Institute  of 
Technology 
Davidson  Laboratory 
ATTN:  R.  McAlevy,  III 
Hoboken,  NJ  07030 


No.  Of 

Copies  Organization 

Aberdeen  Proving  Ground 

Dir,  USAMSAA 
ATTN:  DRXSY-D 

DRXSY-MP,  H.  Cohen 
Cdr ,  USATEC0M 

ATTN:  DRSTE-TO-F 
STEAP-MT,  S.  Walton 
G.  Rice 
D.  Lacey 
C.  Herud 

Dir,  HEL 

ATTN:  J.  Weisz 
Dir,  USACSL,  Bldg.  E3516,  EA 
ATTN :  DRDAR-CLB-PA 
DRDAR-CLN 
DRDAR-CLJ-L 


2  Los  Alamos  National  Lab 

ATTN:  T.  D.  Butler,  MS  B216 
M.  Division,  B.  Craig 
P.  0.  Box  1663 
Los  Alamos ,  NM  87545 

1  University  of  Southern 
California 

Mechanical  Engineering  Dept. 
ATTN:  0HE200,  M.  Gerstein 
Los  Angeles ,  CA  90007 


2  University  of  Utah 

Dept,  of  Chemical  Engineering 
ATTN:  A.  Baer 

G .  Flandro 

Salt  Lake  City,  UT  84112 


1  Washington  State  University 
Dept,  of  Mechanical 
Engineering 
ATTN:  C.  T.  Crowe 
Pullman,  WA  99163 


USER  EVALUATION  OF  REPORT 

Please  take  a  few  minutes  to  answer  the  questions  below;  tear  out 
this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  place 
in  the  mail.  Your  comments  will  provide  us  with  information  for 
improving  future  reports. 


1.  BRL  Report  Number _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


3.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) 


4.  Has  the  information  in  this  report  led  to  any  quantitative 
savings  as  far  as  man-hours/contract  dollars  saved,  operating  costs 
avoided,  efficiencies  achieved,  etc.?  If  so,  please  elaborate. 


5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) 


6.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic, 
please  fill  in  the  following  information. 


Telephone  Number: 
Organization  Address: 


-  FOLD  HERE  - 


Director 

US  Army  Ballistic  Research  Laboratory 

ATTN:  DRDAR-BLA-S 

Aberdeen  Proving  Ground,  MD  21005 


OFFICIAL  BUSINESS 

PENALTY  FOR  PRIVATE  USE.  S300 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON.DC 
POSTAGE  WILL  BE  PAIO  BY  DEPARTMENT  OF  THE  ARMY 


Director 

US  Army  Ballistic  Research  Laboratory 

ATTN:  DRDAR-BLA-S 

Aberdeen  Proving  Ground,  MD  21005 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


